A moderate earthquake with local magnitude 5.2 (M L ) occurred off the eastern coast of South Korea on May 29, 2004. This earthquake is one of the largest events near the Korean Peninsula since 1978 when instrumental observations began by the Korea Meteorological Administration. We carried out modeling of regional waveforms and deconvolutions using empirical Green functions to estimate source parameters. The results of the regional waveform modeling show a reverse fault mechanism with a hypocentral depth of 8 km and seismic moment of 5 × 10 16 N · m, which is equivalent to Mw 5.1. Performing the empirical Green function deconvolution, we estimated a fault radius of 1.1 to 1.4 km and an average stress drop of 13.5 MPa, assuming an east dipping fault plane. Assuming a west dipping fault plane, we estimated a fault radius of 1.3 to 2.9 km and an average stress drop of 6.6 MPa.
Introduction
A moderate earthquake (M L 5.2) occurred off the eastern coast of South Korea on May 29, 2004 . The Korea Meteorological Administration (KMA) reported that the highest intensity was Modified Mercalli (MM) V, in Uljin which is about 70 km from the hypocenter. This earthquake is one of the largest events near the Korean Peninsula since 1978 when instrumental observations began by KMA ( Fig. 1 ) was the most recent earthquake.
Considering the low level of seismicity, the May 29, 2004 earthquake provides an opportunity to study source parameters of an earthquake which occurred near the Korean Peninsula. Because this event is the largest earthquake that has occurred since the modern digital seismic network was installed by KMA, it is one of the first times that detailed source parameters could be determined for an earthquake in this region. This earthquake is also important because it clearly indicates that there is active seismicity along the western edge of the Ulleung Basin (see Fig. 1 ). To understand the source parameters of this earthquake, we carried out modeling of regional waveforms and deconvolutions using empirical Green functions.
One interesting aspect about this earthquake is that it was followed by several events over a wide area during the subsequent 2 days (Fig. 2) . However, only the M L 2.0 event, which occurred at 04:45 on May 30, could be regarded as Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
an aftershock in the immediate source region of the mainshock. We will use this M L 2.0 event as empirical Green function for the deconvolution analyses. We used redetermined epicentral data by KMA for the May 29 event (mainshock) and for aftershock (event 2) as listed in Table 1 .
Regional Waveform Modeling
We carried out waveform inversion to obtain the focal mechanism and seismic moment of the May 29, 2004 earthquake using regional data recorded by KMA on broadband stations. We used 3 component displacement waveforms bandpass filtered between 0.02∼0.05 Hz from 8 stations. The station distributions used for the waveform modeling are shown in Fig. 2 (Solid triangles). Most stations are located westward from the hypocenter and there is only one station (ULL) to the east. Station ULJ, which will be used for deconvolution analyses, was excluded because of recording problems of the EW component. A one dimensional velocity structure determined by Kim (1995) was used for the waveform modeling and is shown in Table 2 .
For the waveform inversion, we calculated synthetic Green functions for the moment tensor components, with the program of Takeo (1985) , using the one-dimensional velocity structure and the source-station geometry for a fixed source depth. Using the 24 components of displacement data and synthetic Green functions, a least-squares inversion was used to determine the moment tensor components with a double-couple constraint and the total seismic moment. This procedure was repeated for various hypocentral depths of 4 to 14 km to find the best fitting solution. The final solution we obtained was for a depth of 8 km and strike=8, dip=65, and rake=96. (The conjugate nodal plane has a strike=175, dip=26, and rake=78). This solution is consistent with previous focal mechanisms determined from teleseismic data and first-motion polarities (Fig. 3) . Table 2 . Velocity structure used for regional waveform modeling (Kim, 1995 Chough et al., 2000) . Figure 4 shows the variance reduction between the synthetics and observed data for the range of tested depths with a maximum at 8 km. The determination of the hypocentral depth, however, may have some inaccuracy because we used a one dimensional velocity structure and we did not consider regional variances in the structure. The velocity structure model used in this study (Kim, 1995) shows somewhat faster velocity structure compared to other models (e.g. Kim 2004). This earthquake seems to have occurred near the transition zone from continental to oceanic crust at southeastern margin of Korean Peninsula (Cho et al., 2004) . We used the model of Kim (1995) because the hypocenter of this earthquake seems to be located on the continental side of the transition zone and most of the paths to the stations are through the continental crust. KMA redetermined the hypocentral depth as 5.1 km and results by Harvard, USGS and Kang and Baag (2004) are 12.0 km, 17.0 km and 17.7 km, respectively. Although there are differences due to the method and crustal structure used for hypocenter determination, the results indicate that this earthquake is a shallow crustal event.
this study Harvard USGS Kang and Baag Fig. 3 . Focal mechanism obtained in this study compared with previous focal mechanism solutions.
The seismic moment was 5 × 10 16 N·m, which is equivalent to Mw 5.1. Figure 5 shows synthetic waveforms and observed data. The fit is fairly good, although synthetic waveforms of station ULL to the east of the hypocenter do not fit the observed dispersed surface waves as well. This is probably due to the fact that the velocity structure toward the ocean differs from the continental side. Observed waveforms in Figure 5 have some higher frequency waves (about 0.1 Hz), because we used a 2 pole Butterworth filter at 0.05 Hz, which is not an especially sharp filter. Choosing the frequency band is a subjective process that is a trade-off between the effects of heterogeneous structure, best fitting of the waveforms, and trying to use a wide-band for a stable inversion. We tried several passbands, and it seemed that this (0.02∼0.05 Hz) was a reasonable range for these data, although the frequency higher than 0.05 Hz may be strongly affected by the crustal structure.
Deconvolution Using Empirical Green Functions
The analysis of regional and teleseismic waveforms provides information on the focal mechanism and depth, but examination of shorter period data is necessary to look at the size and stress drop of this earthquake. We used a smaller aftershock as an empirical Green function in a deconvolution procedure to estimate the source size. In general, observed displacement waveform includes information of the source, propagation effects and instrumental response. This can be expressed as
where
u(x, t) is displacement, s(t) is source time function, g(t) is propagation function and i(t)
is instrumental recording function, with * indicating convolution of the time series. Using an empirical Green function u 1 (x, t), which has a short source time functions that can be approximated as a delta function δ(t), and travels the same path as the wave of mainshock, the combined effects of propagation in the crustal structure and instrumental response can be directly observed.
u(x, t) = δ(t) * g(t) * i(t)
Dividing Eq. (1) by Eq. (2), the source time function of the mainshock, s(t) can be directly determined,
where the / indicates deconvolution. As mentioned earlier, there was one event large enough and close to the mainshock that could be used as an empirical Green function. This is the M L 2.0 earthquake that occurred at 04:45 on May 30. Using this aftershock, we deconvolved the P waveforms of one broadband (ULJ) and one short period (AND) station west of the hypocenter, and an S waveform of one broadband station (ULL) east of the hypocenter (see Fig. 2 for the station distributions). We used displacement waveforms highpass filtered at 2 Hz at these three stations, which produced clear source time function. For the deconvolution procedure, impulse arrivals with good signal to noise are needed for both the mainshock and empirical Green function event, and this was possible for only the three closest stations. The deconvolution was done in the frequency domain by taking a Fourier transform of a one second window of data and dividing the transform of the mainshock by that of the aftershock. Then we are able to get source time function in time domain by taking the inverse Fourier transform. A water-level criterion was applied to the transform of the aftershock, because division by small values in the spectrum of the smaller event can cause unstable values in the result (Mori and Frankel, 1990) . The value for the water-level used is 0.0002 of the maximum value. Figure 6 shows the results of the deconvolution. The hatched areas in the deconvolved waveforms indicate the source time functions and the dark lines are the rise times. The rise times are 0.275 s at AND, 0.27 s at ULJ, and 0.216 s at ULL. Using these values we calculated the radius of the fault (r) using an expression from Boatwright (1980) , where τ 1/2 is the rise time, v is the rupture velocity, θ is the angle between the take-off direction of the P wave and the fault normal, and c(x 0 ) is the velocity at the source. The rupture velocity was assumed as 0.8 times the S wave velocity. Since we cannot resolve which one of the two nodal planes is the fault plane, we calculated the radius for both nodal planes. The value of θ is 48
• for the east-dipping plane and 87
• for the west-dipping plane. The radius was obtained as 1.1 to 1.4 km when we assume the east dipping nodal plane as the fault plane. Assuming the west dipping nodal plane, the radius was obtained as 1.3 to 2.9 km, which seems to have large variance. Then we calculated the stress drop ( σ ) using the seismic moment (Mo) obtained from the regional waveform modeling, which is 5 × 10 16 N·m, and the formula of Brune (1970) 
Again we tested both nodal planes. The stress drop ranged from 7.5 to 16.9 MPa for the three stations, with an average value of 13.5 MPa for the east dipping nodal plane. For the west dipping nodal plane, the stress drop ranged from 0.9 to 9.7 MPa, with an average value of 6.6 MPa. Kang and Baag (2004) performed modeling of S wave displacement spectra at 27 local broadband stations, using best-fit model for the low-frequency asymptote of the farfield displacement amplitude of source spectrum, and obtained corner frequency, stress drop and moment magnitude at each station. Their values of stress drop are 0.1∼14.9 MPa, with an average 5.1 MPa. It seems that the stress drop obtained in this study is consistent with the result of Kang and Baag (2004) although we used different data and analysis method.
Results and Discussion
In this study we estimated the source parameters of the May 29, 2004 South Korea earthquake (M L 5.2). We car-ried out waveform modeling to determine the focal mechanism, hypocentral depth and seismic moment of the event. This earthquake was a reverse fault event. The hypocentral depth was obtained as 8 km, and the seismic moment was 5 × 10 16 N·m, which is equivalent to Mw 5.1. We also carried out deconvolutions using empirical Green functions, and determined the radius of the fault assuming a circular model, as well as the stress drop for each nodal plane. The radius of the fault is 1.1 to 1.4 km and the average stress drop is 13.5 MPa for the east dipping nodal plane. The radius of the fault is 1.3 to 2.9 km and the average stress drop is 6.6 MPa for the west dipping nodal plane. In general, shallow intraplate earthquakes have stress drop of about 10 MPa (Lee et al., 2002a) . If this earthquake occurred at a fault with the east dipping nodal plane, the stress drops are relatively high and may reflect high regional stress in this intra-plate environment.
This earthquake occurred on the western margin of the Ulleung Basin (see Fig. 1 ), which is located in the southwest East Sea (Sea of Japan), in the transition zone from continental to oceanic crust. Previous studies showed that there exist strike-slip, thrust and normal fault systems extending N-S to NNE-SSW offshore from the southeastern Korean Peninsula and these systems are related to the opening of the Ulleung Basin and rotation of southwestern Japan (e.g. Kim, 1992; Lee et al., 1999; Lee et al., 2002b) . Lee et al. (1999) indicated the existence of a very steep eastward-dipping fault which appears to be related to strike-slip movement of the western Ulleung Basin margin, mentioned as the Ulleung Escarpment by Lee et al. (2002b) . Considering these tectonic conditions and our results, this earthquake may have occurred along a N-S trending reverse fault near the Ulleung Escarpment. This recent earthquake along this large structure suggests that there is a potential for a large earthquake along the western margin of the Ulleung Basin.
